In this study, we experimentally investigated the degradation of dissolved organic matter (DOM) during lateral and vertical mixing of different water masses in a peri-alpine lake. River intrusions and vertical winter turnover in Lake Geneva (Switzerland, France) were simulated through short-term laboratory incubations by mixing riverine and lacustrine waters or lacustrine waters collected at different depths in winter. Dissolved organic carbon (DOC) degradation was monitored by dissolved oxygen (DO) measurements and changes in DOM composition were tracked by fluorescence spectroscopy in pure and mixed treatments during 72 h. Initial DOC content and DOM composition were relatively similar between end-members. The amount of DOC respired at the end of the incubation was similar between treatments, but decay constants in mixed treatments derived from a first-order decay model were significantly higher than expected values calculated based on a simple mass balance model. Fluorescent dissolved organic matter (FDOM) in mixed treatments followed non-conservative patterns that could not be predicted based on observations made in pure treatments. Hence, one protein-like and one microbial-like fluorophore that were consumed in lake waters were continuously produced in mixed treatments although lake waters represented 90% of the mix. No relationships were observed between the rate of DOC consumption and the initial DOM composition, suggesting that other factors such as nutrients and/or interactions in microbial communities were involved. Moreover, no relationships were found between DOC and FDOM patterns during incubations, suggesting that these measurements targeted different facets of microbial metabolism of DOM, respectively microbial respiration (catabolism) and microbial production (anabolism). While additional investigations are required in order to identify the drivers of these changes, this study provides evidence of non-conservative behavior of DOM degradation in mixing zones in lakes.
Introduction
The pool of dissolved organic matter (DOM) in aquatic ecosystems is a heterogeneous mixture of organic compounds that originate both from terrestrial sources (allochthonous DOM) and from primary production and processes of decomposition within water bodies (autochthonous DOM). Moving downstream along fluvial networks, DOM is continuously processed by bacterial communities with important ecological and biogeochemical consequences. For example, DOM can be either mineralized as CO 2 and thus contribute to the net heterotrophy observed in many freshwater ecosystems (Battin et al. 2009; Lapierre et al. 2013) or it can be incorporated into microbial biomass and thus become available for higher trophic levels (Jansson et al. 2007; Cole et al. 2011) .
The study of DOM degradation has been intensively examined for several decades, and numerous studies have shed light on the role of environmental factors such as temperature, UV radiation, nutrients, and bacterial community composition (Bano et al. 1998; Tranvik et al. 2001; del Giorgio and Davis 2003; Amaral et al. 2016) but also on the importance of intrinsic properties of DOM (Amon and Benner 1996; Volk et al. 1997; Catalán et al. 2013 ) on microbial DOM degradation. DOM degradation
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Thibault.lambert@unil.ch 1 Institute of Earth Surface Dynamics, University of Lausanne, Lausanne, Switzerland is typically investigated within a single aquatic environment, i.e. in groundwater (Shen et al. 2015) , streams and rivers (Balcarczyk et al. 2009; Lapierre et al. 2013; Catalán et al. 2017) , wetlands (Bano et al. 1998) or lakes ). Yet, these ecosystems are tightly connected within fluvial networks and DOM degradation at the transition zones of these aquatic ecosystems where DOM and bacterial communities from different origins mix has generated growing interest. The underlying reason is the so-called priming effect (PE), a process through which labile pool of DOM can enhance ("prime") the degradation of a more recalcitrant DOM pool based on interactions between microbial communities and/or changes in their functions (Kuzyakov et al. 2000; Guenet et al. 2010) . DOM degradation at mixing interfaces could thus be characterized by a non-conservative behavior or, in other words, a specific pattern that cannot be predicted from the degradation dynamics observed in the adjacent ecosystems.
The occurrence as well as the relevance of the PE concept in aquatic ecosystems is however still debated. While DOM degradation was indeed experimentally enhanced by the addition of simple organic molecules in samples of several aquatic environments such as tropical (Ward et al. 2016 ) and temperate rivers (Hotchkiss et al. 2014 ) and lakes (Kankaala et al. 2013; Attermeyer et al. 2014b ), neutral or even opposite pattern have also been reported. For instance, the addition of labile DOM did not stimulate the bacterial degradation of riverine DOM in marine coastal environments (Blanchet et al. 2017) , neither hyporheic DOM in rivers (Bengtsson et al. 2014 ) nor lacustrine DOM (Catalán et al. 2015) . According to a recent meta-analysis on the occurrence of PE in aquatic ecosystems, the concept relies on assumptions that may limit its incorporation into our understanding of C cycling in aquatic ecosystems (Bengtsson et al. 2018) . Indeed, the basic approach for investigating the occurrence of PE consists in adding simple and labile organic molecules into a ambient sample containing the recalcitrant DOM pool. However, although this process remains microbially driven (Farjalla et al. 2009; Guenet et al. 2010) , the role of microbial communities and their potential interaction are rarely taken into consideration (Bengtsson et al. 2018 ). Yet, recent studies have shown that the metabolic fate of DOM could shift between catabolism and anabolism depending on nutrient loadings (Guillemette and del Giorgio 2012) and/or on the relative contribution of terrestrial DOM versus algal DOM (Guillemette et al. 2016) . Moreover, it is now well recognized that DOM degradation consists of a continuum of reactivity rather than in distinct pools of specific degradability that can simply be classified as labile or recalcitrant . Therefore, the change in of DOM consumption when different water masses mix should be better described as a conservative or non-conservative behavior rather than positive, null or negative PE (Bengtsson et al. 2018) .
Lake ecosystems are important features of the carbon cycle at both the regional and global scales (Tranvik et al. 2009 ). The level of internal transformation increases as their water residence time extends (Catalán et al. 2016) , attributing a greater role to large lakes (Weyhenmeyer et al. 2012) . Large lakes are also highly dynamic from a hydrological perspective with complex circulation of water masses in both the lateral and vertical dimensions (Bouffard and Wüest 2019) , generating water mixing events during which different DOM pools that have been primarily isolated in space and time get in contact and might create potential opportunities for non-conservative behavior of DOM degradation. For instance, littoral areas constitute important zones of primary production and, at the same time, receive substantial inputs of terrestrial DOM from tributaries. Terrestrial DOM is generally less bioavailable than DOM from algal or macrophyte origin (Bertilsson and Jones 2003; Guillemette et al. 2013) and it has been suggested that the release of labile compounds from autochthonous sources may enhance the bacterial degradation of the more recalcitrant terrestrial DOM pool (Farjalla et al. 2009; Guenet et al. 2010; Danger et al. 2013; Attermeyer et al. 2014a ). Inputs of terrestrially derived DOM can affect the whole lake metabolism by stimulating bacterial respiration (e.g. Johengen et al. 2008) , and recent field observation coupled with laboratory experiments have shown that river-borne turbidity currents-that convey riverine DOM directly into the deep lacustrine waters-could lead to a stimulation of bacterial respiration in Lake Geneva (Bouffard and Perga 2016) . The effect of the mix between lake and river waters on DOM degradation has however not been investigated. Besides, the decrease in light penetration along the water column and the strong stratification in deep lakes may contribute to creating and segregating different pools of DOM. Gradual changes in DOM composition may occur along the water column, as a result of primary production being mainly restricted to the epilimnion, while the hypolimnion should host more degraded organic matter and/or organic material originated from sediments (Downing et al. 2008; Gonsior et al. 2013 ). This vertical gradient from freshly DOM produced in surface lake waters to more degraded material toward the bottom could be analogous to the lateral gradient between riverine terrestrial DOM and algal lacustrine DOM. As lake waters mix vertically by wind action combined with the weakening of the vertical stratification in fall and winter, one might expect that vertical winter turnover, bringing in contact different DOM pools, could be a hot-moment during which DOM from the bottom could be primed by surficial DOM.
We evaluated the potential occurrence of non-conservative behaviors of DOM degradation by simulating both riverine inputs (lateral mixing) and vertical turnover (vertical mixing) in Lake Geneva (Switzerland, France), assuming that the differences in OM quality between the various pools might result in non-conservative patterns. The experiment was conducted in February, i.e. before the time-period of maximal lake mixing that typically occurs in early May. The lateral and vertical structure of the lake was still strong enough so we could sample distinct DOM pools right before they come into contact by winter mixing. Short-term dark bioassays were performed with pure (lacustrine or riverine waters) and mixed treatments with samples collected in February 2017. Dissolved organic carbon (DOC) consumption was monitored by dissolved oxygen (DO) measurements and changes in DOM composition were tracked using excitation-emission fluorescence analyses. With this experimental design, we tested the hypothesis of a non-conservative behavior of DOM degradation at the mixing of river/lake and surface/deep lake waters.
Materials and methods

Experimental design and conceptual approach
The conservative or non-conservative behavior of DOM degradation during mixing was investigated with shortterm (72 h) bioassays. The short duration of the incubations was motivated by experimental studies showing that non-conservative patterns of DOM degradation can occur at the daily (Hotchkiss et al. 2014; Bouffard and Perga 2016) or even at the hourly time-scale (Ward et al. 2016 ). In the context of Lake Geneva, this duration is representative of the rapid hydrodynamical mixing processes (see study site description).
Pure (e.g. lake or riverine waters) and mixed treatments were incubated in a dark chamber at fixed temperature (6 °C, i.e. at the lake temperature at the time of the experiment). Lateral mixing was simulated by substituting lake waters by riverine waters at a 90:10 ratio while two treatments performed exclusively with lake waters were implemented to simulate an incomplete (L1 + L2) or complete (L1 + L2 + L3) winter turnover (Table 1 ). Details about sampling and water origin are provided below. Treatments, performed in triplicates, consisted of unfiltered waters incubated in 250 mL hermetically closed glass bottles. Different subsets of vials were prepared and sacrificed at 24 h, 48 h and 72 h in order to investigate changes in DOM composition over the incubation. DO concentrations were measured in vials equipped with SP-PSt7 oxygen planar sensor spots (PreSens). Initial DO was recorded 1 h after the start of the incubation and then DO variations were measured at 24 h, 48 h and 72 h using a PreSens Fibox 4 equipped with a fiber-optic oxygen transmitter. Calibration of the PreSens Fibox 4 (two-point calibration at 0 and 100% oxygen saturation) was performed before incubations. The L1 + D treatment was equipped with other oxygen planar sensor spots (SP-PSt3, PreSens), but it was not possible to record DO concentrations due to instrumental problem with the PreSens Fibox 3 used for data reading of these spots.
Measured oxygen data were used to derive parameters for DOC degradation instead of direct DOC measurements because our analytical sensitivity was not good enough Numbers refer to the proportion of each end-member in treatments. SHL2-L refers to Lake Geneva waters with SHL2-L1 = 0-50 m; SHL2-L2 = 180 m; SHL2-L3 = 250 m. Dranse (D) and Rhône (R) rivers were collected at surface (0.5 m) a No dissolved oxygen measurements for this treatment, see text for details Treatment Sites
for capturing carbon losses at the short-time scale of our experiment and for such low DOC concentrations (~ 1 mg L −1 ). Changes in DOC concentrations over time due to heterotrophic respiration are typically modeled by a first-order decay model (Guillemette and del Giorgio 2011; Richardson et al. 2013) . In our study DO consumption curves were modeled according to the equation:
where DO(t) is the DO concentration measured during the incubation time (t, in hours), DO cons the amount of DO respired at the end of the incubation, k the decay constant (or consumption rates), and DO residual the concentration of the residual pool remaining in solution after 72 h of incubation and for which k = 0. We used triplicate measurements to derive one model per treatment (R 2 > 0.98 for all treatments) and obtained best-fit values as well as upper and lower 95% confidence level values for each parameter of Eq. 1. Cumulative DO respired (DO cons ) and oxygen consumption rates (k) were then converted to CO 2 production in order to provide an estimate of DOC consumption (DOC consumed and k in μM C h −1 ) using a respiratory quotient of 1 (Guillemette and del Giorgio 2011).
Representativeness of the model and potential limitations
We are aware that a two-pools model is a simplification of DOM reactivity and that other models such as the Reactivity Continuum Concept or multiple component first-order decay models (Richardson et al. 2013 ) describe DOM degradation in more realistic ways. However the number of data points was too limited to apply the Reactivity Continuum Concept and adding one pool in our first-order decay model did not improve significantly the goodness of fits (data not shown). In this scheme, we considered that DOM bioavailability consists of one labile pool that would be consumed within 72 h and a second pool that is recalcitrant, or residual at the time-scale of our experiment. The decay constant k describes the inflexion of the consumption curve over time and provides information on the transition from the more labile pool to the more recalcitrant pool, i.e. the highest the k values, the faster the labile pool is consumed. Potential limitations of our approach arise from the limited number of DO measurements over the first 24 h as well as from the fact that all treatments were realized with unfiltered waters. Respiration measurements for lake and river waters of the Lake Geneva Basin obtained in June 2017 and November 2018 using the same flasks but with more frequent DO measurement over the first 48 h (t + 5 h and t + 12 h, personal data) confirmed that a first-order decay model adequately reproduced the experimental data,
supporting therefore the validity of the model (data not shown). Moreover, the latter were performed with waters filtered at 0.7 μm, a common pore-size to remove most particles and eukaryotes while leaving the prokaryotic community largely intact. The similar inflexion of consumption curves (e.g. similar range of k values) observed in this study and in June 2017 and November 2018 and the fact that, in each case, the model adequately fits the data strongly suggests that DO decline can be mainly attributed to the microbial respiration. Respiration measured in our study will be nevertheless referred as to community respiration.
Theoretical effects of mixing experiments and statistical analysis
The theoretical dynamic of DOC consumption in the mixed treatments (under the assumption of a conservative behavior) was determined by a linear mass balance approach. The expected k value (k exp ) as well as the expected total amount of DOC respired at the end of the incubation (DOCrespired exp ) in each mixed treatment were computed as follows (Eqs. 2 and 3):
and where i is the number of source (or pure treatment) used in the mix (from 2 to 3), k the decay constant and DOC respired i the total amount of DOC respired at the end of the incubation with the pure source i, and %source i the proportion of the water source i to the mixed sample (see Table 1 ). Best fit values and values at 95% confidence interval obtained by modeling approaches were used in order to provide a range of theoretical vales for each parameter. The observed and expected k and DOCrespired values were then compared using one tailed, paired t test. All analyses were run with GraphPad Prism ® version 8.
Study site and sampling
Lake Geneva is the largest lake of Western Europe (volume = 89 km 3 , surface = 580 km 2 , max. depth = 309 m) located at the border between France and Switzerland in the Western Alps. The lake typically overturns partially (down to 100-200 m depth) each winter in late February/March while the complete vertical mixing occurs only every fifth year on average. Vertical turnover typically occurs at the daily scale (CIPEL 2018). About 84% of the water input
originates from the two main alpine rivers, the Rhône (~ 75%) and the Dranse rivers (~ 9%), both flowing into the eastern basin. On average, Lake Geneva indeed has long water residence time (11 years), but hydrodynamical processes are quite variable in time and space, from micro-to macro-scales (Bouffard and Wüest 2019) . Processes related to lateral mixing occur at short time scales. For instance, the Rhône inflow sinks and mixes quickly when penetrating the lake due to density gradient and turbulences in winter, while most of the riverine waters flows as an interflow in summer that can be traced up to 55 km in the lake after 4-5 days (Halder et al. 2013; Bouffard and Perga 2016) . Vertical mixing exerts at both short (daily-weekly convection) and longer (progressive destratification during winter) scales. The water quality of Lake Geneva and its two main tributaries is continuously monitored by the FOEN (Federal Office for the Environment, Switzerland) for the Rhône and by the Observatory of Alpine Lakes for the Dranse and Lake Geneva (SHL2 station, https ://www6.inra.fr/soere -ola). Public databases were visited in order to obtain nutrient concentrations at closest date to our sampling, i.e. the 15/02/2017 for Lake Geneva at SHL2 (surface), the 20/02/2017 for the Rhône and the 20/02/2017 for the Dranse.
Samples for mixing experiments were collected on 20th February 2017 in Lake Geneva and its main tributaries, the Rhône and Dranse rivers. Water from the lake (30 L per sample) was collected using a 5 L integrated water sampler (HydroBios) at the long-term monitoring station SHL2, located at the central area of the lake and where the influence of river intrusion from the Rhône River is the lowest. The vertical mixing at this day reached down to ~ 120 m depth based on oxygen concentrations and temperature profiles ( Supplementary Fig. 1 ) measured with a pre-calibrated multi-parameters profiler (Sea&Sun Technology, CTD-90 multi-parameter probe). We chose three different depths in an attempt to collect contrasted water masses that could be a priori associated with different DOM compositions, i.e. epilimnion (L1 = 0-50 m), upper (L2 = 180 m) and deeper hypolimnion (L3 = 250 m). Water from the Rhône and Dranse rivers was collected manually in 10 L HDPE bottles ~ 1-2 km upstream from the entrance into the lake. Samples were brought to the laboratory and prepared for incubations after one over-night storage at 6 °C in the dark.
DOC concentrations and fluorescence measurements
The DOC concentrations of the lake and river waters (hereafter referred as endmembers) were measured on filtered samples (0.2 μm, nylon syringe filters, Sartorius) using a TOC-L analyzer (Shimadzu). Fluorescent DOM (FDOM) for end-members and during the incubation was measured on filtered waters at a pore size of 0.2 μm using Nylon syringe filters (Sartorius). Filters were rinsed with ~ 10 mL of solution before collecting samples in vials. Samples for FDOM analyses were collected in 20 mL amber glass vials and stored in the dark in a refrigerator before analyses that were typically done during the week after sampling. Additional samples collected in the lake were used to build a parallel factor analysis (PARAFAC) model (total number of samples = 216). DOC and FDOM measurements for collected samples were not replicated. Fluorescence intensity was measured with a Fluorolog-3 spectrometer (Horiba) using a 1 cm quartz cuvette across excitation wavelengths of 240-450 nm (5 nm increment) and emission wavelengths of 290-550 nm (2.5 nm increment) in order to build excitationemission matrices (EEMs). EEMs were acquired in sample emission to lamp reference mode, and a correction matrix provided by the manufacturer in both excitation and emission dimensions was automatically applied during acquisition. EEMs were then decomposed into different components using PARAFAC algorithms (Stedmon et al. 2003) . EEMs preprocessing (Raman scattering removal and standardization to Raman units) was performed prior the PARAFAC modeling. Normalization was done using a Milli-Q water sample run the same day as the sample (Zepp et al. 2004) . A five components PARAFAC model was obtained using the drEEM Toolbox (Murphy et al. 2013) for MATLAB (Math-Works, Natick, MA, USA). Split-half analysis, random initialization and visualization of residuals EEMs were used to test and validate the model. The spectral loadings of the PARAFAC components ( Supplementary Fig. 2) were compared with the open fluorescence database OpenFluor using the OpenFluor add-on for the open-source chromatography software OpenChrom (Murphy et al. 2014) .
All five components matched the excitation and emission spectra of previously identified components from 39 independent studies (similarity score > 0.95, Table 2 ). Components C1 and C4 were classified as humic-like and are often associated with a terrestrial origin (Stedmon and Markager 2005; Graeber et al. 2012; Lambert et al. 2017) . Components C2 and C3 are respectively identified as tyrosine-and tryptophan-like fluorophores and are associated with proteins derived from autochthonous production (Romera-Castillo et al. 2011; Amaral et al. 2016 ). The last component C5 is similar to protein-like fluorophores derived from microbial activity (Williams et al. 2010 ).
Results
Oxygen consumption
No statistical differences were observed in the cumulative amount of DOC respired after 72 h across treatments ( Fig. 2a, b) despite differences in the inflexion in the DO/ DOi vs. time curves (Fig. 1) . The total amount of DOC respired ranged from 12.3 to 16.8 μM C in pure treatments and from 12.8 to 14.9 μM C in mixed treatments for which observed values matched those expected from the linear mixing model. Decay constants were however significantly higher in the mixed treatments (0.117 ± 0.02 μM C h −1 , n = 6) compared to pure treatments (0.057 ± 0.017 μM C h −1 , n = 5; Fig. 2c, d) as illustrated by the strongest inflexion in the DO/DOi vs. time curves in the mixed treatments (Fig. 1) . The observed DOC consumption rates significantly exceeded those predicted by the mass balance approach by a factor from 1.5 to 2.9. No relationships were found between the total amount of DOC respired or the decay constants and the fluorescence intensities of PARAFAC components ( Supplementary Fig. 3 ).
Initial DOM content and composition and fluorescence patterns during incubations
DOC concentrations ranged from 1.0 to 1.6 mg L −1 , with highest values in the upper layer of the lake and in the Dranse River (Fig. 3a) . Total fluorescent intensities (F Tot ) were however not related to DOC concentrations: F Tot was higher in the Rhône River compared to the Dranse River despite a lower DOC content and the highest fluorescence signal in the lake was recorded at 180 m (L2), where DOC was the lowest. The fluorescence signal in Lake Geneva was dominated by protein-like fluorophores C2 and C3 at all depths, the value of F Max for C2 being especially high at the 180 m depth. Overall, the F Max values for C1 and C4 components were the highest in the Rhône and the Dranse but both rivers exhibited similar (for the Dranse) or even higher (for the Rhône) fluorescence intensities for C2 and C3 components compared to lake waters. The microbial-like component C5 showed the lowest F Max values both in lake and in river waters.
Overall, the humic-like components C1 and C4 exhibited stable F Max values along the incubations in all treatments (Fig. 4) . The tyrosine-like component C2 remained relatively stable in the lake and river waters, with only a significant increase in the Dranse River. Yet, the F Max values for this C2 component were highly variable in the mixed treatments so no clear trend was apparent. More diverse patterns were however observed for the tryptophan-like C3 and the microbial-like C5 components between the sources and between the pure and mixed treatments. Thus, both the C3 and C5 components exhibited decreasing F Max values in the lake waters (especially C3 that was depleted after 24 h) but they remained stable in the Rhône and Dranse rivers (C3 even increased in the Dranse). More unexpectedly, despite the fact that lake waters were substituted by only 10% of river waters in mixed treatments, C3 and C5 behave in the mixed treatments as in the pure riverine waters (stable to increasing signal).
Discussion
Non-conservative effects on DOM degradation
This study tested the hypothesis of a non-conservative behavior in DOM degradation during mixing events in a large peri-alpine lake. DO measurements were used to Fig. 2 a DOC consumed at the end of the incubation in pure lake and river waters, b expected and observed DOC consumption in mixed treatments, c decay constants k in pure lake and rivers waters and d expected and observed k values in mix. Error bars represent standard deviation based on best fit values and 95% confidence level values (see text for details). Differences between observed and expected values in mixed treatments were tested using one tailed paired t test, where ns corresponds to not significant, *p < 0.05, **p < 0.01 and ***p < 0.001 Table 2 Fluorescence properties and general description of the five PARAFAC components identified in this study Comparisons were made using the OpenFLuor database with a similarity score > 0.95 a Stedmon and Markager (2005) Protein-like fluorophore, microbial-produced e derive parameters for organic carbon dynamics instead of direct DOC measurements because of the short duration of our incubation and the lack of analytical sensitivity that prevented us from measuring carbon losses in the flasks at the low ambient concentrations. Samples were collected in winter, i.e. at a moment of low river discharge and low primary production in the lake, and similar DOC concentrations were measured amongst end-members. Moreover, the composition of the initial lacustrine and riverine pools both presented high contribution of the protein-like fraction (C2 + C3) known as being more bioavailable than the humic-like component of the DOM pool (Fellman et al. 2010; Cory and Kaplan 2012) . The elevated relative contribution of these compounds in the FDOM pool in the Dranse (37%) and Rhône (66%) rivers likely reflects the influence of agricultural and urban areas around Lake Geneva, as human land use favors the production of proteinaceous organic material in aquatic (Wilson and Xenopoulos 2009 ) and terrestrial (Lambert et al. 2017 ) environments. The lack of large differences in initial DOM pools at this specific sampling period was probably the reason why no significant differences were observed in the total DOC respired in the pure treatments.
However, a non-conservative behavior was clearly observed in mixed treatments for which measured decay constants k were higher by a factor of 1.6-2.9 than the expected values while total DOC consumed matched expectations. It is noteworthy that a stimulation of respiration was also observed in treatments simulating a vertical mixing in the water column of the lake. The apparent discrepancy between higher k but similar DOC consumed in mixed treatments compared to expectations could simply indicate that a very small pool of DOC is fueling respiration. This pool would be exhausted faster in mixed treatments, denoting that respiration at the timescale of our experiment was C limited. Indeed, DOM exported during baseflow period has a typically low bioavailability compared to DOM exported during high flow events (Ågren et al. 2008; Fellman et al. 2009b) , and similarly low level of easily degradable DOM can be expected in Lake Geneva because of the low winter primary production. In a recent study, Bouffard and Perga (2016) found that the substitution of 1-10% of Lake Geneva waters collected at 100 m depth at the SHL2 station by water from the Dranse River stimulated the bacterial respiration by increasing the amount of DO consumed by 60% after 86 h of incubation. In their study, waters were collected during another period, in autumn, when primary production is still significant in Lake Geneva. The strong effect of the mixing on bacterial respiration and DOC consumption could therefore be linked to more distinct initial pools. In contrast, they detected no significant effect when lake waters collected at 200 m depth were mixed with the same riverine waters. Hence, this study and our results point that mixing of different water masses in the Lake Geneva Basin does not necessarily result in changes in respiration rates and/or DOC consumption.
Contrary to our initial hypothesis, we found no relationships between the patterns of DOC consumption and initial DOM composition, neither in terms of total DOC respired nor in the decay constant k ( Supplementary Fig. 3 ). Yet, bioassays revealed that bacteria imparted different FDOM signatures depending on sources (lake waters versus river waters) and treatments (non-linear behavior in mix treatments). It is now well documented that bacterial communities have the ability to degrade and/or generate various types of fluorescent compounds. Although considered recalcitrant and mainly from terrestrial origin, consumption (Moran et al. 2000; Romera-Castillo et al. 2011; Fasching et al. 2014) as well as production (Guillemette and del Giorgio 2012; Amaral et al. 2016; Kinsey et al. 2018 ) of humic-like components by heterotrophic bacteria have been previously reported. Similarly, proteinaceous compounds are considered as a highly labile pool of FDOM (Fellman et al. 2009a; Cory and Kaplan 2012) but net production of protein-like fractions during bioassays have also been reported elsewhere (Cammack et al. 2004; Lønborg et al. 2009; Guillemette and del Giorgio 2012) . Consequently, both humic-like and protein-like fractions of FDOM can be considered as a substrate or a by-product of heterotrophic activity and thus their net production or consumption may provide information on microbial metabolism (Guillemette and del Giorgio 2012) .
At the time-scale of our incubations, humic-like components C1 and C4 appeared to be biologically inert and no clear difference in the behavior of the protein-like component C2 could be observed between the sources and the mix treatments (Fig. 4) . Divergent bacterial-FDOM interactions across treatments were illustrated by the evolution of the Fig. 4 Time-course of the different fluorescent components identified in this study. The two left panels show the evolution of PARAFAC components in pure treatments, those in the middle in treatments sim-ulating a vertical mixing and the two right panels in treatments simulating lateral mixing. Standard deviation for triplicate measurements are shown, but error bars may eventually be smaller than the symbols protein-like component C3 and the microbial-like component C5. If we acknowledge that variations in the F Max values resulted from the balance between production versus consumption processes, decreasing intensities for C3 and C5 in lake waters implied that these compounds were consumed during incubations. Increasing or stable patterns found in the Dranse and Rhône rivers implied however a net production (e.g. C3 in the Dranse River) or an equilibrium between production and consumption in rivers. Relatively stable F Max values for these components in mixed treatments denoted therefore a clear and persistent non-consistent behavior considering that river waters represented only 10% of the mix or were even absent (vertical mixing). Applying a similar mass balance approach as for DOC consumption (e.g. Eq. 2 where k is replaced by F Max ) confirmed that F Max values reached at the end of the incubation in mixed treatments were significantly higher (p < 0.01 in all cases) than expected values. We found no relationships with respiration patterns, suggesting that these measurements targeted different facets of microbial metabolism of DOM. Therefore, we hypothesize that FDOM patterns were indicative of changes in bacterial production where C3 and C5 could represent microbial metabolites continuously produced in mixed treatments while consumed in lake waters.
Potential drivers of non-conservative behaviors
Our DO consumption measurements and the evolution of FDOM components C3 and C5 support the idea that DOM degradation during mixing events can operate distinctively from what can be observed and predicted from original water masses, even in low-DOM environments such as Lake Geneva. This result is noteworthy since it was observed in mixing endmembers having similar DOC concentrations and similar DOM composition while contrasting DOM pools are often the main cause considered when investigating PE (Bengtsson et al. 2018) . Although FDOM is only a portion of the DOM pool that does not necessarily correlate with the biodegradable pool of DOM (Lu et al. 2013; Coble et al. 2019) , our study suggests that non-consistent patterns cannot solely be attributed to DOM composition and that other factors are involved.
The first hypothesis is related to the effect of nutrients. We did not measure directly the nutrient concentrations, but waters of Lake Geneva are typically nutrient-depleted compared to inflowing tributaries (CIPEL 2018), as illustrated by water quality data obtained from local agencies near the period of sampling showing lower level of phosphorus and nitrogen in the surface of the lake at SHL2 (10 μg-P L −1 and 680 μg-N L −1 ) compared to the Rhône (24 μg-P L −1 and 900 μg-N L −1 ) and the Dranse (14 μg-P L − 1 and 1600 μg-N L −1 ). Increasing the level of nutrients in mixed treatments could have therefore alleviated nutrient limitations in Lake Geneva waters and increased respiration rates in mixed treatments. A support for this hypothesis is the fact that decay constants tended to be higher in the Dranse and Rhône treatments compared to treatments performed with Lake Geneva waters ( Fig. 2a, c) . Moreover, both nitrogen and phosphorus can modulate the production of particular FDOM fractions by controlling the bacterial growth efficiency (Biers et al. 2007; Guillemette and del Giorgio 2012) , an effect that could explain the specific patterns observed for C3 and C5 components in mixed treatments.
Another and complementary hypothesis would be that the higher respiration rates and the changes in bacterial production in mix treatments would result from a greater microbial diversity (Farjalla 2014) . Different aquatic ecosystems or water bodies with contrasted limnological properties may not only transport DOM of various quality, but also different bacterial communities with specific community trait structure (Ruiz-González et al. 2015; Logue et al. 2016) . As ecosystem functioning increases with increasing species diversity (Bell et al. 2005; Hooper et al. 2005) , interactions between microbial communities such as co-metabolism in confluence zones of high microbial diversity could be of prime importance for the metabolic fate of DOM.
Conclusion
In this study we investigated the potential occurrence of nonconservative patterns in DOM degradation during mixing events by simulating both lateral river inputs into the lake and vertical turnover occurring during the winter period. Our results showed that while the amount of DOC consumed after 72 h was similar across treatments, the dynamic of this consumption was faster in the mixed rather than in the pure waters. The higher decay constants k in mixed treatments clearly pointed towards a non-conservative behavior, which was not related to the initial conditions of the end-members as they had similar DOC concentration and composition inferred from optical properties at the period of sampling. Keeping in mind that DOM concentration and composition vary seasonally in inland waters, our observations nevertheless imply that contrasting levels of DOM content and/ or composition are not necessarily a prerequisite to nonconservative patterns during mixing events. Additionally, a specific evolution of the protein-like and microbial-like fluorescent components were observed in the mixed treatments, suggesting a change in microbial production. While our results clearly show that DOM degradation patterns during mixing events deviate from what can be expected based on observations made in pure water masses, the nutrientbacterial communities interactions and their net effect on Page 11 of 13 64 the DOM metabolic fate should deserve more attention in future work.
